evidence by Langmuir probe measurements have been reported, such as the presence of local peaks in the plasma-floating potential near the end of a plasma column [15] , and the detection of high-energy electrons near the fused-silica windows in both tubular and planar-type surface-wave discharges [16, 17, 18, 19] . It is well-known, however, that probe measurements are problematic in wave-sustained plasmas since metallic electrodes perturbs the self-consistent wave-plasma behavior. In addition, the contribution of high-energy electrons to the total probe current is hindered by the large ion current.
In this Letter, a non-intrusive, trace-rare-gas-optical-emission-spectroscopy (TRG-OES) technique highly sensitive to the detection of high-energy electrons is used to analyze the electron energy distribution function (EEDF) along a low-pressure, argon plasma column sustained in the microwave regime by EM surface waves. In the large-area, planar-type configurations used in many industry-driven applications, the EM field is stationary and often exhibits a multimode behavior, making fundamental investigations of the physics driving the electron dynamics difficult due to the complexity of the field distribution. In contrast, in the long, tubular configuration used in this study, the wave is a traveling wave and monomode propagation is readily achievable [20] . From our spatially-resolved measurements of the EEDF performed over a wide range of frequencies, it is concluded that the non-local electron dynamics in the overdense region of surface-wave plasmas is strongly linked to the excitation of volume plasmons near the discharge boundary at the resonance point where ω p =ω and their absorption by either collisional or Landau damping.
Most of our experiments were carried out in a 6 mm i.d. fused silica discharge tube evacuated by a turbomolecular pump. As detailed below, selected experiments were also performed in a fused silica tube tapering up from 6 mm i.d. to 25 mm i.d. In both systems, the EM surface wave was excited in the small portion of the tube, using a gap-type wave launcher. A surfatron device [21] was used for experiments in the 600 to 2450 MHz frequency range while a Ro-box unit [22] was utilized to sustain plasmas at lower frequencies. The product of the frequency f times the tube radius R was always <<2 GHz cm, therefore ensuring that only the azimuthally symmetric mode of wave propagation (i.e., the mode for which the EM wave field intensity does not vary azimuthally) could be excited [20] . An argon flow rate of 20 standard cubic centimeters per minute (sccm) was mixed with 1 sccm of rare gases contained in a premixed-gas bottle (40% Ne and 20% each for Ar, Kr and Xe) to allow TRG-OES measurements. Plasma emission was collected by an optical fiber equipped with a collimator directed perpendicularly to the discharge tube axis, and monitored using an intensity-calibrated optical spectrometer.
In TRG-OES, the electron temperature is determined by measuring the emission line intensities coming from the 2p x levels (Paschen's notation) of rare gases (here Ne, Kr and Xe) inserted in trace amounts, and comparing them to values computed from a model using the known electron-impact cross sections and branching ratios [23] . By selecting appropriate emission lines, an electron "temperature" characterizing an assumed Maxwellian distribution in a specific electron energy range can be determined for different energy segments of the EEDF. excitation from the metastable states is negligible). Since Ar was the main plasma gas, none of its very intense emission lines were used due to radiation trapping effects [24] . If the EEDF were truly Maxwellian, then the use of different sets of emission lines gives an identical electron temperature. On the other hand, if different electron temperatures are found, then it is possible to determine how the EEDF departs from a Maxwellian. hand, as the EM field frequency increases, both T e low and T e tail increase while T e high remains constant. At microwave frequencies, the EEDF thus has a distinct, three-temperature form with a steeper slope for the energy segments concerning low-energy electrons (T e low > T e high ) and very high-energy electrons (T e tail > T e high ). Hence, even with the relatively high ionization degree (~1 %) achieved in microwave-sustained plasmas, electron-electron collisions appear insufficient to ensure a Maxwellian distribution [25] .
The average electron temperature <T e > can be calculated using a zero-dimensional model assuming that charged particles are created by electron-impact ionization on the ground state and are lost by ambipolar diffusion to the reactor walls. With this reasonable assumption for plasmas operated in the mTorr pressure range, the electron temperature depends only on the discharge gas pressure and nature and on plasma dimensions, yielding
where E iz and A iz are parameters in the expression for the ionisation rate coefficient
, n g is the neutral gas number density, u B is the Bohm velocity, and Λ is an effective plasma length for positive ion diffusion given by ( ) ( ) ( )
cylindrical tube of length L and radius R. For a 50 mTorr, Ar plasma with L>>R= 3 mm, T e = 4 eV, consistent with the data in Fig. 1 (1) at all frequencies. Nonetheless, by doing so using the approach in ref. [27] , we obtained a <T e > value of 5-6 eV at 2.45 GHz. The slightly higher mean electron energies can probably be explained by a depletion of the number density of Ar neutrals available for ionization, due to the much higher electron densities at 2.45 GHz than at 100 MHz. For example, for <T e >=6 eV and a typical radially-integrated electron number density of 3×10 12 cm -3 along the surface-wave, argon plasma column at 2.45 GHz, the electron pressure accounts for 25 % of the total pressure, reducing the neutral atom pressure to 35 mTorr (we assume a neutral gas temperature of 300 K [28] ). Given the corresponding 25% reduction in n g , Eq.
(1) predicts <T e >=5 eV, consistent with our approximate averaging over the 3 energy segments of 5-6 eV at 2.45 GHz.
The data presented in Fig. 1 2.45 GHz plasmas, one might expect superelastic collisions to play an important role in the electron heating. This possibility was investigated through kinetic simulations using the Boltzmann code provided by Hagelaar and Pitchford [29] . As shown in Fig. 2 , even multiplying the cross sections for superelastic collisions by a factor of 100 with respect to published values introduces only small changes on the EEDF.
As mentioned above, the presence of high-intensity electric fields near the discharge boundaries in spatially-inhomogeneous surface wave plasmas due to the development of electron plasma resonances at ω ≈ω pe was theoretically predicted to produce suprathermal electrons [13] .
This could possibly be attributed to transit-time heating during the electron transit time τ across the resonance peak of width Δ [10, 16] . Transit-time heating occurs mostly when ωτ ≈1 (for ωτ >>1, the electron oscillates in the field without gaining energy until a collision disrupts its oscillation while for ωτ <<1 the electron is travelling too fast to experience the resonant field) [30] . For ω = 2π × 2.45 GHz and an estimated resonance width Δ=2×10 -4 cm [10] for 50 mTorr
Ar plasma with a radially-integrated electron number density of 10 12 cm -3 , this criterion corresponds to an electron velocity u =ω Δ = 3×10 6 cm s -1 , i.e. an electron energy of 2.5 meV.
Consequently, only very low-energy electrons could eventually be accelerated to the tenth of eV, indicating that transit-time heating through the resonant layer cannot explain the depletion of low-energy electrons in the few eV range described by T e low and the generation of electrons in the tens of eV given by T e tail .
As theoretically proposed by Aliev et al. [31] , fast electron generation could result from the resonant conversion of long-wavelength electromagnetic surface waves into short-wavelength electrostatic Langmuir waves (volume plasmons) and their absorption by either collisional or Landau damping. To play an important role, these waves would need wavelengths much smaller than the plasma diameter, i.e., ~0.1-0.6 mm for our conditions. For f=2.45 GHz, this corresponds to phase velocities in the 2-15 ×10 7 cm s -1 range and thus to electron energies between 0.1 and 6 eV. These low-energy electrons could therefore be accelerated to form the high-energy tail seen in the experiments. On the other hand, for f=100 MHz, if a similar resonant conversion occurred, the corresponding phase velocities would be 1-6 ×10 6 cm s -1 , i.e. much lower electron energies.
Similarly to transit-time heating, this would play only a minor role on the electron dynamics, which again is consistent with our experimental observations. In addition, at 100 MHz, the plasma tends to become more collisional (ν/ω increases) such that the resonance is less pronounced and thus the resonant wave conversion less likely [32] . Figure 3 presents the radial profile of T e low , T e high , and T e tail obtained from the laterallyresolved optical emission spectra after Abel inversion. Despite the localized character of the electron plasma resonance, all values of T e are radially uniform. This is in sharp contrast to the common local field approximation in which fast electron generation should be limited to the resonance region, i.e. close to the discharge boundaries. In the low-pressure conditions investigated here, however, since the energy relaxation length of electrons (~2 cm for electrons of average speed 10 8 cm/s and an electron-neutral collision frequency of 2×10 8 s -1 in the 50 mTorr, Ar plasma) is larger than the radial size of the reactor (0.6 cm) and of the scale lengths of the spatial inhomogeneity (Δ=2×10 -4 cm), energy transport effects play a crucial role. In such conditions, the local energy absorption by the electrons going through the plasma resonance is redistributed over the whole plasma volume (non-local effect). 33 To further confirm the precise role of localized plasma resonances on the evolution of the non-local EEDF, TRG-OES measurements were performed for conditions where no surface-wave electric fields are present and thus where no resonance conversion occurs. For surface-wave plasmas sustained in long and narrow dielectric tubes, the electron density decreases along the tube z-axis down to the lowest density for which surface-wave propagation is allowed [34] .
Beyond this critical point, a field-free region exists where the plasma decays more or less abruptly to zero due to diffusion and convection [28] . In the 50 mTorr, 6 mm i.d. plasma column examined, this field-free region was too short to allow detailed TRG-OES investigations. To circumvent this limitation, a tapered, fused silica discharge tube was used. The plasma was sustain in the small 6 mm diameter segment to ensure that only the azimuthally symmetric surface wave could be excited while plasma emissions were recorded in the large 25 mm diameter region. To maintain the same g n Λ scale factor and thus the same mean electron energy as in the previous experiments (see Eq. (1)), the pressure was reduced to 12 mTorr. The axial distribution of the radially-integrated electron number density is presented in Fig. 4 for f=2.45
GHz. TRG-OES measurements were performed both in the microwave-sustained region (within this larger diameter tube) and far in the field-free zone. In summary, non-local electron heating of low-energy electrons was observed in lowpressure, argon plasma columns sustained in the microwave regime by electromagnetic surface waves which can be explained by the presence of a plasma resonance near the discharge boundaries. As shown in this Letter, the effect of resonances in the spatially-inhomogeneous plasma appears primarily in the form of a depletion of low-energy electrons due to their acceleration. Electron heating can be ascribed to a wave-particle interaction due to the conversion of surface waves into volume plasmons at the resonance point rather than transit time electron 
